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Thylakoid membranes retaining high oxygen-evolving activity (about 250 μmol O2/mg Chl/h) were prepared from a marine centric diatom,
Chaetoceros gracilis, after disruption of the cells by freeze–thawing. We also succeeded in purification of Photosystem II (PSII) particles by
differential centrifugation of the thylakoid membranes after treatment with 1% Triton X-100. The diatom PSII particles showed an oxygen-
evolving activity of 850 and 1045 μmol O2/mg Chl/h in the absence and presence of CaCl2, respectively. The PSII particles contained fucoxanthin
chlorophyll a/c-binding proteins in addition to main intrinsic proteins of CP47, CP43, D2, D1, cytochrome b559, and the antenna size was
estimated to be 229 Chl a per 2 molecules of pheophytin. Five extrinsic proteins were stoichiometrically released from the diatom PSII particles
by alkaline Tris-treatment. Among these five extrinsic proteins, four proteins were red algal-type extrinsic proteins, namely, PsbO, PsbQ', PsbV
and PsbU, whereas the other one was a novel, hypothetical protein. This is the first report on isolation and characterization of diatom PSII particles
that are highly active in oxygen evolution and retain the full set of extrinsic proteins including an unknown protein.
© 2007 Elsevier B.V. All rights reserved.Keywords: Diatom; Oxygen evolution; Photosystem II; Extrinsic protein; Chaetoceros gracilis1. Introduction
Diatoms are eukaryotic, unicellular photosynthetic algae
found throughout the world's oceans and freshwater, and con-Abbreviations: CBB, Coomassie brilliant blue; Chl, chlorophyll; Cyt,
cytochrome; DCBQ, 2,6-dichloro-p-benzoquinone; DCMU, dichlorophenyldimethy-
lurea; DM, n-dodecyl-β-D-maltoside; FCP, fucoxanthin chlorophyll a/c-
binding protein; HPLC, high-performance liquid chromatography; HTG, n-heptyl-
β-D-thioglucoside; Mes, 2-morpholinoethanesulfonic acid; OG, n-octyl-β-D-
glucoside; PBQ, phenyl-p-benzoquinone; PMSF, phenylmethyl sulfonyl fluoride;
PSI and PSII, Photosystem I and Photosystem II; PVDF, polyvinylidene fluoride;
SM, sucrose monolaurate; TMBZ, 3,3′,5,5′-tetramethylbenzidine
⁎ Corresponding author. Fax: +81 3 3260 0322.
E-mail address: enami@rs.noda.tus.ac.jp (I. Enami).
0005-2728/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2007.10.007stitute one of the most important producers of the phytoplankton
communities in aquatic ecosystems and the global carbon cycle.
Photosynthesis by marine diatoms generates as much as 40% of
the 45 to 50 billion metric tons of organic carbon produced each
year in the sea [1], and their role in global carbon cycling is
predicted to be comparable to that of all terrestrial rain forests
combined [2]. The algae are among the most successful and
diversified groups of photosynthetic eukaryotes, with probably
over 100,000 extant species [3]. Their chloroplast was acquired
by a secondary endosymbiosis event, i.e., the engulfment of a
red alga by a eukaryotic host [4]. The thylakoid membranes of
diatoms are arranged in stacks of three layers and are not
segregated into granal and stromal lamellae as in green algae
and plants. The pigment composition of diatoms differs from
that of plants, green or red algae and cyanobacteria in that they
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Fucoxanthin Chl a/c-binding proteins (FCP; light-harvesting
Chl proteins) have been purified and characterized from the
centric diatom Cyclotella meneghiniana [5]. It is also known
that diatoms have developed efficient photoprotective mechan-
isms in order to minimize photoinhibition that could result from
their periodic exposure to excess light intensities when trans-
ported to the water column surface [6–8], and that they may
perform C4 photosynthesis [9]. Furthermore, the complete nu-
clear, mitochondrial and plastid genome sequences of two
diatoms Thalassiosira pseudonana and Phaeodactylum tricor-
nutum were reported [10,11].
In spite of their significance, little is known about Photo-
system II (PSII) in diatoms or other chromophytic Chl a/c
containing algae. PSII is a thylakoid membrane-located, mul-
tiprotein-pigment complex which drives the light-induced
electron transfer from water to plastoquinone with the con-
comitant production of molecular oxygen. The PSII complex
contains a number of intrinsic proteins and 3–4 extrinsic
proteins associated with the lumenal side. So far PSII particles
and core complexes that are highly active in oxygen evolution
and retain all of the extrinsic proteins have been isolated from
cyanobacteria [12–14], red alga [15,16], Euglena [17], green
alga [18] and higher plants [19,20]. Among these PSII
complexes from a wide variety of organisms, the major intrinsic
core proteins are largely conserved, whereas the extrinsic pro-
teins which form the oxygen-evolving center of PSII are sig-
nificantly different among different plant species. Among the
extrinsic proteins, the 33 kDa protein (PsbO) which plays an
important role in maintaining the stability and activity of the
Mn-cluster is present in all of the oxygenic photosynthetic
organisms. In contrast, the other extrinsic proteins that function
to optimize the availability of Ca2+ and Cl− cofactors for water
oxidation are different among different plant species. Cyano-
bacterial and red algal PSII complexes contain cytochrome
(Cyt) c550 (PsbV) and the 12 kDa protein (PsbU) [12–16]. In
red algal PSII, the three extrinsic proteins homologous to those
of cyanobacteria are retained, but a fourth extrinsic protein, the
unique 20 kDa protein which is required for the effective
binding of PsbV and PsbU was newly found [16]. The 20 kDa
protein had some similarities to the PsbQ of green algae in their
amino acid sequences; based on this the 20 kDa protein was
named PsbQ' [21]. In contrast, Euglena, green algal and higher
plant PSII complexes contain the 23 kDa (PsbP) and 17 kDa
(PsbQ) proteins instead of PsbV and PsbU [17–20]. PsbP- and
PsbQ-like proteins were also found in cyanobacterial PSII [14],
and they have been suggested to be regulatory proteins ne-
cessary for the maintenance of optimally active PSII in nutrient-
limiting media depleted of Cl−, Ca2+ or iron in the prokaryotic
cyanobacteria [22,23].
The PsbV and PsbU proteins in cyanobacterial and red algal
PSIIs showed some similar functions as those of the PsbP and
PsbQ proteins in green algal and higher plant PSII [12,16,24].
Recently, we examined the distribution of PSII extrinsic
proteins in various oxygenic photosynthetic organisms using
antibodies raised against extrinsic proteins from different
sources, and showed that the extrinsic proteins had been di-verged into cyanobacterial-type (PsbO, PsbV and PsbU), red
algal-type (PsbO, PsbQ', PsbVand PsbU), and green algal-type
(PsbO, PsbP and PsbQ) during early phases of evolution after a
primary endosymbiosis [25]. We also showed that chromophy-
tic Chl a/c containing algae such as diatoms and brown algae,
which resulted from red algal secondary endosymbiosis,
contained the red algal-type extrinsic proteins [25]. In order to
further elucidate the extrinsic proteins in chromophytic Chl a/c
containing algae, PSII that is highly active in oxygen evolution
and retains the extrinsic proteins needs to be isolated from these
algal cells. There are, however, no reports relating to the
isolation and characterization of chromophytic Chl a/c contain-
ing algal PSII and their extrinsic proteins.
As described by Martinson et al. [26], detailed studies of
diatom PSII have been hampered at the level of obtaining
thylakoid membranes that are capable of oxygen evolution, and
a major stumbling block in working with these algae has been
the difficulty in breaking the silica frustule surrounding the
diatom cell without damaging intracellular structures. They
reported that diatom thylakoid membranes purified in 2 M
sorbitol using the protoplast/French press method showed the
best preservation of in vivo fluorescence emission signals, and
that the PSII activity with ferricyanide was completely inhibited
by DCMU. The rates of electron transport in the purified
thylakoid membranes were, however, significantly lower than
the in vivo rates (about 50 μmol O2/mg Chl/h).
In this study, we found that the cells from a marine centric
diatom, Chaetoceros gracilis, were readily disrupted by freeze–
thawing without using mechanical treatments of sonication or
French press, and that the thylakoid membranes prepared by
freeze–thawing showed high oxygen-evolving activity, as
described by Ikeda et al. [27]. We also succeeded in isolation
of PSII particles from C. gracilis that were highly active in
oxygen evolution and retained the extrinsic proteins by a simple
method using differential centrifugation of Triton-treated
thylakoid membranes. Five extrinsic proteins were found to
be present in the PSII particles by alkaline Tris-treatment; all of
them were identified by immunoblotting analysis using
antibodies against various extrinsic proteins from different
plant species and by N-terminal amino acid sequencing.
2. Materials and methods
2.1. Cultures
A marine centric diatom, C. gracilis Schütt (UTEX LB 2658), was grown in
8 l of artificial seawater (SEA LIFE) medium containing 1/1000 volume of
KW21 (marine algae culture medium from Daiichi Seimo Co., Ltd., Kumamoto,
Japan) and 0.18 mM sodium metasilicate, at 25 °C under continuous
illumination at 30–35 μmol photon m−2 s−1 and air bubbling. The cells were
grown for around 10 days (early stationary stage), harvested by using
PELLICON (Millipore, Billerica, MA) and then collected at 3000 ×g for 3 min.
2.2. Disruption of the cells from C. gracilis by freeze–thawing
The C. gracilis cells of about 12 g wet weight were suspended in 32 ml of a
medium containing 1 M betaine, 50 mM 2-morpholinoethanesulfonic acid
(Mes) (pH 6.5) and 5 mM MgCl2 (about 1.8 mg Chl/ml) and then frozen in
liquid N2 for 10 min. The frozen cells were quickly thawed at room temperature
Fig. 1. Purification procedure for the PSI and PSII particles from a marine
diatom, Chaetoceros gracilis. See text for detail.
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cells completely.
2.3. SDS-PAGE, immunological assays and heme-staining
Samples were solubilized with 5% lithium lauryl sulfate and 75 mM
dithiothreitol. The solubilized samples (15 μg Chl for thylakoid membranes,
Fractions 1 and 5; 10 μg Chl for Fractions 2, 3 and 4) were applied to an SDS-
polyacrylamide gel containing a gradient of 12–18% acrylamide and 6 M urea.
For separation of PsbU and an intrinsic protein, a gradient gel of 16–22%
acrylamide and 7.5 M urea was used [28].
For Western blotting, proteins on the gel were transferred onto a poly-
vinylidene fluoride (PVDF) membrane, reacted with respective antibodies and
visualized with 4-chloro-1-naphtol after incubation with biotinylated anti-rabbit
IgG and peroxidase-conjugated streptavidin. Antibodies against FCP from the
raphidophyte Heterosigma akashiwo and PsbU from Thermosynechococcus
vulcanus were kindly provided by Profs. B. R. Green and J.-R. Shen, respec-
tively. The other antibodies were prepared as described in Enami et al. [25].
Heme-staining was carried out with TMBZ/H2O2 on the gel, according to
the procedure described in Thomas et al. [29] and Shen and Inoue [12].
2.4. Absorption spectra
Absorption spectra were measured using a DU 800 UV/visible spectropho-
tometer (Beckman Coulter, Inc.) at room temperature and adjusted to the same
level of absorption at the α band of Chl a for thylakoids and PSII particles,
respectively.
2.5. Assay of oxygen evolution
Oxygen evolution was measured with a Clark-type oxygen electrode at
25 °C with 0.4 mM phenyl-p-benzoquinone (PBQ), 0.5 mM 2,6-dichloro-p-
benzoquinone (DCBQ) or 2 mM ferricyanide as electron acceptors. The
measurements were carried out in a medium of 0.4 M sucrose and 40 mM Mes
(pH 6.5) in the absence and presence of 5 mM CaCl2. Chl concentrations were
determined in 90% acetone using the equation of Jeffrey and Humphrey [30].
2.6. Dissociation of extrinsic proteins
The diatom PSII particles were treated with 1 M Tris (pH 8.5) at 0.5 mg Chl/
ml for 30 min at 0 °C in the dark. The samples were centrifuged at 40,000 ×g for
20 min after addition of 10% polyethylene glycol 6000. The polypeptides of the
resulting precipitates and supernatants were analyzed by SDS-PAGE.
2.7. Determination of N-terminal amino acid sequences
The extrinsic proteins were released by alkaline Tris-treatment from the
diatom PSII particles, separated by electrophoresis, and the proteins on the gel
were transferred onto a PVDFmembrane, stained with 0.1% Coomassie brilliant
blue (CBB) G-250 and destained with 40% methanol, 10% acetic acid. Each
band on the membrane was cut out, and their N-terminal sequences were
determined by the Edman degradation method with a Procise HT protein
sequencing system (Applied Biosystems, Foster City, CA).
2.8. Analysis of pigments and plastoquinone
The amounts of Chl a, Chl c, fucoxanthin, diadinoxanthin, β-carotene,
pheophytin and plastoquinone in the diatom PSII particles were determined by
reverse-phase HPLC with a Prodigy 5 (ODS 3,100Å) column (150×4.60 mm)
(Phenomenex Inc., Torrance, CA) equipped to a Shimadzu LC-10 AD system
with a SCL-10A controller, as described previously [31,32].
2.9. Gel filtration column chromatography
Gel filtration column chromatography was carried out using a Sephadex S-
300 (GE Healthcare, Buckinghamshire, England). The running buffer contained25% glycerol, 10 mMMgCl2, 5 mMCaCl2 and 0.04% n-dodecyl-β-D-maltoside
(DM) and a flow rate of 0.5 ml/min was used.
3. Results
3.1. Disruption of the cells and preparation of thylakoid
membranes from C. gracilis
We first attempted to disrupt the C. gracilis cells by agitation
with glass beads or an ultrasonic disrupter to break their silica-
based rigid cell wall. These treatments, however, completely
abolished the oxygen-evolving activity. In various attempts, we
found that the C. gracilis cells were readily disrupted by one
cycle of freeze–thawing in a medium containing 1 M betaine,
50 mM Mes (pH 6.5) and 5 mM MgCl2. The cell suspensions
after this disruption were highly active in oxygen evolution, as
described by Ikeda et al. [27]. The cells disrupted by freeze–
thawing were incubated in the presence of DNase I and 1 mM
PMSF for 30 min at 0 °C in the dark to degrade DNA in the cell
suspensions. The supernatants after centrifugation at 3000 ×g
for 3 min were centrifuged at 40,000 ×g for 10 min and its
precipitates (thylakoid membranes) were suspended in a
medium containing 1 M betaine and 50 mM Mes (pH 6.5)
(buffer A) (see Fig. 1).
Table 1 (upper part) shows oxygen-evolving activities of the
thylakoid membranes isolated from C. gracilis in the absence
and presence of 5 mM CaCl2 using various electron acceptors.
The activity of thylakoid membranes in the absence of CaCl2
was 243–265 μmol O2/mg Chl/h with PBQ as electron acceptor,
while the activity decreased to 150–192 μmol O2/mg Chl/h with
DCBQ as the acceptor, and further decreased to 27–41 μmol
O2/mg Chl/h with ferricyanide as the acceptor. These activities
were comparable to those of intact cells (data not shown). The
oxygen-evolving activity of thylakoid membranes was slightly
Table 1
Effects of electron acceptors, DCMU and CaCl2 on oxygen evolution of the
thylakoid membranes and PSII particles prepared from a marine diatom,
Chaetoceros gracilis
Oxygen evolution (μmol O2/mg Chl/h)
a
Acceptors − ions +5 mM CaCl2
Thylakoid membranes PBQ 254±11 313±9
+DCMU 0 0
DCBQ 171±21 232±35
Ferricyanide 34±7 73±11
PSII particles PBQ 850±98 1045±151
+DCMU 0 0
DCBQ 494±89 680±78
Ferricyanide 74±8 130±19
a Values shown are the average of three measurements.
Table 3
Recovery of Chl and oxygen-evolving activity in each fraction obtained during
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activity with PBQ was stimulated to 304–322 μmol O2/mg
Chl/h (about 1.2-fold) by addition of 5 mM CaCl2. In addition,
the activity with PBQ was completely inhibited by 10 μM
DCMU.
3.2. Preparation of PSII particles from C. gracilis
As we succeeded in preparation of highly active thylakoid
membranes from C. gracilis, we attempted to isolate PSII
particles using the thylakoid membranes. Before preparation of
PSII particles, we examined the effects of various detergents on
solubilization of the thylakoid membranes and their oxygen-
evolving activity. The thylakoid membranes were treated with
various detergents at a concentration of 1% in buffer A, at 1 mg
Chl/ml for 5 min at 0 °C in the dark. The treated membranes
were centrifuged at 40,000 ×g for 10 min to remove
unsolubilized membranes. The supernatants were centrifuged
at 40,000 ×g for 10 min after addition of 10% polyethylene
glycol 6000, and the resulting precipitates were suspended in
buffer A, and their Chl contents and oxygen-evolving activities
were measured. As shown in Table 2, about 80% of the
thylakoid membranes based on Chl contents were effectively
solubilized by 1% Triton X-100, n-dodecyl-β-D-maltoside
(DM), n-heptyl-β-D-thioglucoside (HTG), n-octyl-β-D-gluco-
side (OG) and sucrose monolaurate (SM). Among 5 detergents
tested, the Triton-extracts showed the oxygen-evolving activityTable 2
Oxygen-evolving activities of the thylakoid membranes from Chaetoceros
gracilis treated with various detergents a
Detergents Oxygen evolution b Yield of Chl solubilized by detergents
(μmol O2/mg Chl/h) (%)
Non-treatment 250±12 100
Triton X-100 233±11 78±5
DM 150±25 82±5
HTG 110±11 74±6
OG 142±8 77±5
SM 125±21 86±7
a Values shown are average of three measurements.
b Oxygen evolution was measured in 0.4 M sucrose and 40 mM (pH 6.5) with
PBQ as electron acceptor in the absence of CaCl2.comparable to that of the thylakoid membranes, while the
activity of the DM- and OG-extracts considerably decreased
and that of the HTG- and SM-extracts further decreased. Thus,
Triton X-100 was chosen as the detergent for solubilization of
the thylakoid membranes in this study.
As shown in Fig. 1, the thylakoid membranes treated with 1%
Triton X-100 in buffer A at 1 mg Chl/ml for 5 min at 0 °C were
fractionated by differential centrifugation. The treated thylakoid
membranes were centrifuged at 40,000 ×g for 10 min to remove
unsolubilized materials (Fraction 1). About 14% of Chl was
distributed in Fraction 1, indicating that about 86% of Chl were
associated with the proteins solubilized by the Triton-treatment
(Table 3). The resultant supernatants were centrifuged at
50,000 ×g for 20 min, and the precipitants were suspended in
buffer A and designated Fraction 2. Fraction 2 was green in color
and its Chl a/c ratio (w/w)was about 7.4 (Table 3), suggesting that
this fraction contains little Chl c. The yield of Fraction 2 was
about 12% based on Chl contents, and the fraction showed little
oxygen-evolving activity (Table 3). As shown in lane 3 of Fig. 2,
Fraction 2 consisted of a large subunit with an apparent molecular
weight of around 60,000 and several small subunits below
25,000. The large subunit band (asterisk in Fig. 2) crossreacted
with the antibody raised against the PSI large subunits (PsaA/B)
(data not shown). These indicated that Fraction 2 is mainly
composed of Photosystem I (PSI). The supernatants after
centrifugation at 50,000 ×g for 20 min were centrifuged at
146,000 ×g for 20 min and the pellets were suspended in buffer A
(Fraction 3). Fraction 3 contained residual PSI not precipitated by
centrifugation at 50,000 ×g for 20 min and slight PSII (lane 4 in
Fig. 2) and its yieldwas about 2%based onChl contents (Table 3).
This procedure was needed to precipitate the residual PSI
completely. The supernatants after centrifugation at 146,000 ×g
for 20min were centrifuged at 40,000 ×g for 10min after addition
of 10% polyethylene glycol 6000, and the precipitates were
suspended in the same buffer (Fraction 4). Fraction 4 was brown
in color and its Chl a/c ratio was about 2.5 (Table 3), similar to
those of thylakoid membranes. The yield of Fraction 4 was about
18% based on Chl contents (Table 3). Fraction 4 showed a high
oxygen-evolving activity of 750–950 μmol O2/mg Chl/h in thepurification of PSI and PSII from the marine diatom, Chaetoceros gracilis a
Total Chl Chl a/c
ratio b
Oxygen evolution c
mg Chl % (μmol O2/mg Chl/h) %
Thylakoids 45.8±5.0 100 d 2.6±0.6 242±11 100 e
Fraction 1 6.6±2.6 14 3.0±0.6 191±32 11
Fraction 2 (PSI) 5.5±0.7 12 7.4±2.7 11±5 0.5
Fraction 3 0.7±0.2 2 4.5±1.9 130±48 1
Fraction 4 (PSII) 8.1±0.5 18 2.5±0.6 850±98 62
Fraction 5 16.8±2.0 39 2.0±0.5 0 0
a Values shown are the average of three measurements.
b Values expressed in w/w.
c Oxygen evolution was measured in 0.4 M sucrose and 40 mMMes (pH 6.5)
with PBQ as electron acceptor in the absence of CaCl2.
d Chl yield with the amount of Chl in starting thylakoids as 100%.
e Yield of total oxygen-evolving activity, calculated from oxygen evolution
multiplied by the Chl content.
Fig. 3. Absorption spectra of thylakoid membranes and PSII particles from
Chaetoceros gracilis at room temperature. The absorbance was adjusted to
the same level at the α band of Chl a.
Table 4
Amounts of pigments and plastoquinone associated with the PS II particles of
Chaetoceros gracilis and typical fractions obtained by gel filtration column
chromatography
Pigments (molar ratio to 2 Phe a) a
Chl c1+c2 Fx Dx Chl a β-Car PQ
PS II 86.1 162 13.2 229 15.5 5.25
Fraction 1 52.6 90.4 8.33 169 14.3 4.31
Fraction 2 51.3 89.6 7.17 167 14.2 4.28
Fx, fucoxanthin; Dx, diadinoxanthin; β-Car, β-carotene; PQ, plastoquinone.
a Values are expressed on the basis of 2 molecules of pheophytin a.
Fig. 2. Polypeptide profiles of each fraction obtained during purification of PSI
and PSII particles from Chaetoceros gracilis. Lane 1, thylakoid membranes;
lane 2, Fraction 1; lane 3, Fraction 2 (PSI); lane 4, Fraction 3; lane 5, Faction 4
(PSII); lane 6, Fraction 5. M, molecular weight standards, broad range (BIO-
RAD). Asterisk and open circles indicate the bands that reacted with antibodies
raised against PsaA/B and FCP, respectively.
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oxygen-evolving activity (Table 3), indicating that PSII was
recovered to Fraction 4 at a high yield. The supernatants after the
final centrifugation (Fraction 5) mainly contained polypeptide
bands that crossreacted with the antibody against FCP from the
raphidophyteHeterosigma akashiwo (open circle in lane 6 of Fig.
2) (data not shown), and its yield was about 39% based on Chl
contents (Table 3). Each fraction was stored at −196 °C until use.
3.3. Characterization of the PSII particles from C. gracilis
3.3.1. Oxygen-evolving activity
Table 1 (lower part) shows oxygen-evolving activities of the
isolated PSII particles (Fraction 4 in Fig. 1 and Table 3) in the
absence and presence of 5 mM CaCl2 using various electron
acceptors. The activity of PSII particles in the absence of CaCl2
was 752–948 μmol O2/mg Chl/h with PBQ as the electron
acceptor, while the activity decreased to 405–583 μmol O2/mg
Chl/h with DCBQ as the acceptor, and decreased further to 66–
82 μmol O2/mg Chl/h with ferricyanide as the acceptor. These
activities were slightly stimulated by the addition of 5 mM
CaCl2. For example, the activity with PBQ was stimulated to
894–1196 μmol O2/mg Chl/h (about 1.2-fold) by the addition of
5 mM CaCl2. The activity with PBQ was completely inhibited
by 10 μM DCMU. These properties of oxygen evolution in the
PSII particles were largely similar to those of thylakoid
membranes, indicating that the PSII particles have preserved
their intactness after isolation.
3.3.2. Absorption spectrum
The absorption spectrum of the isolated PSII particles was
compared with that of the thylakoid membranes. As shown in Fig.
3, the PSII particles showed absorptionmaxima at 439 and 672 nmarising from Chl a, and shoulders at 465 and 635 nm contributed
by Chl c, which were similar to those of thylakoid membranes. In
contrast, the absorbance between 475 and 565 nm due to
fucoxanthin and diadinoxanthin decreased in the PSII particles
compared with that in thylakoid membranes, indicating that these
pigments were partially removed in the isolated PSII particles.
3.3.3. Pigments and plastoquinone composition
Table 4 shows the amounts of various pigments and
plastoquinone in the PSII particles (first line). On the basis of
two molecules of pheophytin a, 229 molecules of Chl a, 86
molecules of Chl c, 162 molecules of fucoxanthin, 13 molecules
of diadinoxanthin, 16 molecules of β-carotene and 5 molecules
of plastoquinone were contained in the PSII particles. Thus, the
antenna size of the PSII particles was estimated to be 229 Chl a
per 2 molecules of pheophytin. The PSII particles contained
about 5 plastoquinone per 2 molecules of pheophytin. This
suggests that PSII prepared in this study is a type of PSII
membrane particles in which extra plastoquinones are contained.
3.3.4. Identification of PSII subunits
In order to identify the protein components in the PSII
particles, immunoblotting analysis was carried out with an-
tibodies raised against major intrinsic proteins and PsbO in
Fig. 5. Dissociation of extrinsic proteins from the PSII particles of Chaetoceros
gracilis by treatment with 1 M alkaline Tris (pH 8.5). (A) SDS-PAGE with a
gradient gel of 12–18% acrylamide and 6 M urea. (B) SDS-PAGE with a
gradient gel of 16–22% acrylamide and 7.5 M urea. Lane 1, PSII (control); lane
2, precipitate after alkaline Tris-treatment; lane 3, supernatant after alkaline Tris-
treatment. Asterisks are the bands which were identified as large and small
subunits of RubisCO, respectively.
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akashiwo. As shown in Fig. 4, antibodies against spinach CP47,
CP43, PsbO, D2, D1 and the α subunit of Cyt b559 crossreacted
with the corresponding components in the PSII particles, con-
firming the presence of these homologous components in the
PSII particles of C. gracilis. Furthermore, four bands around
20 kDa were determined to be FCP subunits.
3.3.5. Dissociation of the extrinsic proteins by alkaline
Tris-treatment
In order to determine the extrinsic proteins inC. gracilis PSII,
we analyzed the proteins released by alkaline Tris-treatment of
the PSII particles. All of the extrinsic proteins in PSII membrane
particles and PSII core complexes from a wide variety of
organisms (spinach [33], green alga [18], Euglena [17], red alga
[15,16], cyanobacteria [12]) have been reported to be released by
alkaline Tris-treatment. Fig. 5 shows the extrinsic proteins in the
diatom PSII particles released by 1 M Tris (pH 8.5). Five
proteins were released by the Tris-treatment (shown as bands a–
e in Fig. 5).When SDS-PAGEwas performedwith a gradient gel
containing 12–18% acrylamide and 6 M urea, band e was co-
migrated with an intrinsic protein (lanes 2 and 3 in Fig. 5-A).
Band e and the intrinsic protein band were clearly separated in
SDS-PAGE with a gradient gel containing 16–22% acrylamide
and 7.5 M urea, as shown in lanes 2 and 3 of Fig. 5-B. These
indicate that the five extrinsic proteins were completely released
by the Tris-treatment. Two faint bands, one migrated above
CP47 and the other one migrated below band c (asterisk in lane 3
in Fig. 5-A and -B) were identified to be a large subunit and a
small subunit of RubisCO, respectively, from their N-terminal
amino acid sequences (data not shown).
3.3.6. Identification of the extrinsic proteins in C. gracilis PSII
In order to identify the five extrinsic proteins in the diatom
PSII particles, immunoblotting analysis was carried out withFig. 4. Identification of PSII components of Chaetoceros gracilis by
immunoblotting analysis. Lane C, CBB-staining of the PSII particles; lane 1,
anti-CP47; lane 2, anti-CP43; lane 3, anti-PsbO; lane 4, anti-D2; lane 5, anti-D1;
lane 6, anti-Cyt b559 (α); lane 7, anti-FCP.antibodies raised against various extrinsic proteins from higher
plant (Spinacia oleracea) (PsbO, PsbP and PsbQ), green alga
(Chlamydomonas reinhardtii) (PsbQ), red alga (Cyanidium
caldarium) (PsbQ', PsbV and PsbU) and cyanobacterium
(Thermosynechococcus vulcanus) (PsbU), as the antibodies
against PsbO, PsbP and PsbV can be used as common anti-
bodies for these proteins among different species but the other
antibodies have a high species-specificity and cannot be used as
common antibodies to detect the presence of these proteins
among different species [25]. As shown in Fig. 6-A, the bands a,
b and c among the five extrinsic proteins released from the
diatom PSII particles by the Tris-treatment crossreacted with
antibodies against spinach PsbO (lane 3), red algal PsbQ'
(lane 7) and red algal PsbV (lane 8), while the bands d and e did
not crossreact with any antibodies. Antibodies against spinach
PsbP (lane 4), spinach PsbQ (lane 5) and green algal PsbQ
(lane 6) did not crossreact with any subunits in the diatom PSII
particles, suggesting that the diatom PSII contains no green
algal- and higher plant-type extrinsic proteins, PsbP and PsbQ.
Based on homology search with the two available genomes
from T. pseudonana and P. tricornutum (http://genome.jgi-psf.
org/Thaps3/Thaps3.home.html Pls. link, http://genome.jgi-psf.
org/Phatr2/Phatr2.home.html), the homologue gene coding for
PsbP-like proteins rather than green algal- and higher plant-type
extrinsic PsbP were found in the two diatoms. Recently, it has
been reported that higher plants have two nuclear-encoded
genes for PsbP homologs (PsbP-like proteins: PPLs) that show
significant sequence similarity to a cyanobacterial PsbP ho-
molog (cyanoP) in addition to the extrinsic PsbP protein [34].
Fig. 6. (A) Identification of the extrinsic proteins in the PSII particles of Chaetoceros gracilis by immunoblotting analysis. Lane 1, CBB-staining of the PSII particles;
lane 2, CBB-staining of the extrinsic proteins released by alkaline Tris-treatment; lane 3, anti-PsbO; lane 4, anti-PsbP; lane 5, anti-PsbQ (higher plant); lane 6, anti-
PsbQ (green alga); lane 7, anti-PsbQ'; lane 8, anti-PsbV; lane 9, anti-PsbU (red alga); lane 10, anti-PsbU (cyanobacterium). (B) Heme-staining of thylakoid membranes
(lane 1), PSI particles (lane 2), PSII particles (lane 3), and the supernatant (lane 4) after the final centrifugation (Fraction 5) from the diatom, Chaetoceros gracilis.
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green algal- and higher plant-type extrinsic PsbP.
The presence of PsbV in the diatom PSII particles was also
confirmed by heme-staining of the gel, which permitted de-
tection of c-type cytochromes on the gel [12,15]. As shown in
Fig. 6-B, three c-type cytochromes, which were estimated to be
Cyt f, Cyt c550 (PsbV) and Cyt c553 from their apparent
molecular weights, were detected in the thylakoid membranes
by the heme-staining method (lane 1). Of these cytochromes,
only PsbV was detected in the PSII particles (lane 3), suggesting
that no Cyt b/f complexes are contaminated in the isolated PSII
particles. No c-type cytochromes were found in the PSI particles
(lane 2), and Cyt f and Cyt c553 were detected in the su-
pernatant (Fraction 5) after the final centrifugation (lane 4).
The antibody against cyanobacterial or red algal PsbU did
not crossreact with any extrinsic proteins in the diatom PSII
particles (lanes 9 and 10 in Fig. 6-A). This is probably due to the
high species-specificity of the PsbU antibody, as described in
Enami et al. [25]. To identify the extrinsic proteins of bands d
and e, N-terminal amino acid sequences of these extrinsic
proteins were determined. Table 5 shows N-terminal amino acid
sequences of the two extrinsic proteins together with those ofTable 5
Identification of the extrinsic proteins in PSII of Chaetoceros gracilis by their
N-terminal amino acid sequences
Bands N-terminal amino acid sequences Identification from database search
a LTKSQINELSYLQVKGTGLA PsbO
b AVGESPRFSVFGLVGDGTSY PsbQ'
c IDLDEATRTVVVDNAGNTTV PsbV
d DGAVSSATINRARGLYGDRI Novel, unknown protein
e VIDYENIGYLGGSSIVDINN PsbUthe other three extrinsic proteins. Based on homology search
with available diatom EST database (http://avesthagen.sznbow-
ler.com) [35], bands a, b, c, d and e were identified to be PsbO,
PsbQ', PsbV, a novel, hypothetical protein previously unknown
and PsbU, respectively (Table 5).
3.3.7. Polypeptide and pigment compositions of C. gracilis
PSII after gel filtration column chromatography
As described above, the diatom PSII prepared in this study
contained RubisCO subunits. In order to confirm whether the
subunits are contaminations in the PSII particles, the PSII par-
ticles were subjected to gel filtration column chromatography
using Sephadex S-300. The elution profile and polypeptide
patterns of the typical fractions obtained were shown in Fig. 7-A
and -B, respectively. The molecular size of the main peak cor-
responds to about 800 kDa. Fraction 1 around the main peak and
Fraction 2 around the shoulder appeared in the elution pattern of
Fig. 7-Awere composed of PSII components including the five
extrinsic proteins but not RubisCO subunits, while Fraction 3
around the minor peak was mainly consisted of FCP. Note that
the molecular weights of FCP bands in Fraction 3 are different
from those of FCP in Fractions 1 and 2 (Fig. 7-B). These results
indicate that FCP in Fraction 3 and RubisCO are just co-
precipitated with the PSII particles. In contrast, the five extrinsic
proteins were not released by the gel filtration, indicating that the
novel, previously unknown extrinsic protein is truly a com-
ponent of the diatom PSII together with the other four extrinsic
proteins, which tightly associate with the PSII particles.
The amounts of RubisCO subunits in the diatom PSII
particles varied from preparation to preparation. In fact, the PSII
particles used in the gel filtration contained little RubisCO
subunits as shown in lane P of Fig. 7-B, while the PSII particles
shown in Figs. 2, 4, 5 and 6 contained a large amount of
Fig. 8. Polypeptide components of the PSII particles of Chaetoceros gracilis.
Lane 1, PSII particles; lane 2, extrinsic proteins released by alkaline Tris-
treatment.
Fig. 7. Elution pattern from gel filtration column chromatography of the PSII
particles of Chaetoceros gracilis (A) and polypeptide profiles of typical
fractions obtained by the chromatography (B). Polypeptide profiles of fractions
1–3 shown in Awere examined. Lane P, the PSII particles; lane Ex, the extrinsic
proteins released by alkaline Tris-treatment; lane 1, Fraction 1; lane 2, Fraction
2; lane 3, Fraction 3.
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amount of RubisCO subunits were applied to the gel filtration,
the RubisCO subunits were eluted at a longer elution time
compared to PSII particles (data not shown). This also indicates
that the RubisCO subunits are just contaminations in the PSII
particles, whereas the novel, previously unknown hypothetical
protein is a component of diatom PSII.
The amounts of various pigments and plastoquinone in
Fractions 1 and 2 obtained by the gel filtration were also an-
alyzed. As shown in Table 4, the values of these components
were nearly equal between Fractions 1 and 2. On the basis of two
molecules of pheophytin a, 167–169 molecules of Chl a, 51–53
molecules of Chl c, 90 molecules of fucoxanthin, 7–8 molecules
of diadinoxanthin, 14 molecules of β-carotene and 4 molecules
of plastoquinone were contained in Fractions 1 and 2. The
amounts of pigments in Fractions 1 and 2 decreased compared
with those of the PSII particles before the gel filtration. The
difference of the number of pigments between the initial and gel-
filtrated PS II particles is attributable to FCP that was eluted
separately from PS II particles (Fraction 3), suggesting that these
FCPs were associated with PSII loosely. Fractions 1 and 2
contained about 4 plastoquinones per 2 molecules of pheophytin
even after the gel filtration, which is larger by 2 molecules
compared to the number of bound plastoquinone in the
crystallographic model of PS II [36,37]. The extra plastoqui-
nones detected in these Fractions are probably the plastoquinone
included in the membranes of these Fractions.
4. Discussion
In this study, we succeeded for the first time in the pre-
paration of PSII particles retaining a high oxygen-evolving
activity and all of the extrinsic proteins from a chromophytic
alga. The success is largely due to the finding that the cells of
C. gracilis can be readily disrupted by a simple freeze–thawingmethod, as described recently by Ikeda et al. [27]. Treatments
by sonication, French press or glass beads usually used for
disruption of various algal cells [12,15,17,18] completely
inactivated the oxygen evolution in the case of C. gracilis. So
far, studies on diatom PSII have been hindered at the level of
obtaining thylakoid membranes that are capable of oxygen
evolution, and a major stumbling block in working with these
algae has been the difficult nature of breaking silica-based rigid
cell wall without damaging intracellular structures. The finding
of the disruption of diatom cells by the simple freeze–thawing
method will greatly benefit biochemical studies on photosyn-
thesis of diatoms. However, the simple freeze–thawing method
is not effective to all of the diatom species. In our preliminary
experiments, the freeze–thawing method readily disrupted the
cells of a centric diatom, T. pseudonana, but not a pennate
diatom, P. tricornutum. Previously, Gugliemelli et al. [38] also
reported that the cells of P. tricornutum could not be disrupted
by several cycles of freeze–thawing treatment.
The other important point for preparing the thylakoid mem-
branes retaining high oxygen-evolving activities from C. gracilis
is to culture the diatom under a low light intensity at about 30–
35μmol photonm−2 s−1.When the diatomwas grown under high
light intensity above 800 μmol photon m−2 s−1, the thylakoid
membranes prepared by the same method showed only little
oxygen-evolving activity (data not shown). Diatoms living in
natural waters experience large fluctuations in light intensity due
to unpredictable water motions that can vary over several orders
of magnitude [8,31]. Therefore, diatoms have developed efficient
photosynthesis under weak light by increasing the antenna size
and effective photoprotective mechanisms against strong light by
diadinoxanthin cycle [6–8,31]. The light adaptation mechanisms
developed in diatom cells may be one of the reasons why diatom
thylakoid membranes retaining high oxygen-evolving activities
were prepared from the diatom cultured under a low light intensity
but not under high light intensity.
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contained considerable amounts of FCP and extra plastoqui-
none (Figs. 3 and 4, Table 4), which indicates that the pre-
paration is similar to the BBY-type PSII membrane particles
prepared from spinach [19]. In fact, the isolated PSII particles
were brown in color and its Chl a/c ratio was about 2.5 (w/w)
(Table 3), and their antenna size was estimated to be 229 Chl a
per 2 molecules of pheophytin (Table 4), which was more than
4-fold larger than those of cyanobacterial and red algal PSII
complexes [12,15]. The oxygen-evolving activity of the PSII
particles prepared in this study (about 850 μmol O2/mg Chl/h)
was lower than those of cyanobacterial and red algal PSII
complexes (usually above 2500 μmol O2/mg Chl/h) [12,15].
This can be ascribed to the large antenna size of the PSII
particles due to the presence of a considerable amount of FCP.
The high amount of FCP leads to the large molecular size of PS
II particles as large as ∼800 kDa, which agrees with an early
report that a manganese–copper–pigment–protein complex
isolated from P. tricornutum had a molecular weight of 850 kDa
[39]. Since all of the crystal structures of cyanobacterial PSII
core [36,37,40] are reported to be a dimer with an apparent
molecular mass of ∼580 kDa [41], the present results suggest
that the diatom PSII exists as a dimer also.
Five extrinsic proteins were released by alkaline Tris-
treatment of the diatom PSII particles (Fig. 5). These extrinsic
proteins were identified to be PsbO, PsbQ', PsbV, a novel
hypothetical protein and PsbU (Fig. 6 and Table 5). These
indicate that the diatom PSII contains the red algal-type ex-
trinsic proteins, in agreement with our previous proposal that
chromophytic Chl a/c containing algae such as diatoms and
brown algae which resulted from red algal secondary en-
dosymbiosis contain the red algal-type extrinsic proteins [25]. A
remarkable feature of the diatom PSII particles is that its PSII
contains a novel, previously unknown extrinsic protein in
addition to the four proteins of PsbO, PsbQ', PsbV and PsbU
well characterized in other organisms. The novel extrinsic pro-
tein was stoichiometrically released by alkaline Tris-treatment
of the PSII particles together with the other four extrinsic
proteins (Fig. 5). Furthermore, the novel extrinsic protein was
tightly associated with PSII even after gel filtration together
with the other four extrinsic proteins (Fig. 7) and specifically
bound to PSII but not PSI (data not shown). These suggest that
the novel protein is one of the extrinsic proteins in the diatom
PSII.
The protein composition of PSII isolated from C. gracilis was
summarized in Fig. 8, which showed that the PSII particles
contained over 19 main polypeptide bands. Among these
subunits, we identified 16 polypeptide bands including 5 intrinsic
proteins of CP47, CP43, D2, D1 and a large subunit of Cyt b559,
5 extrinsic proteins of PsbO, PsbQ', PsbV, PsbU and a novel,
hypothetical protein, 4 subunits of FCP and 2 subunits of
RubisCO. Several polypeptide bands remain to be identified. We
will further purify the diatom PSII and identify all of the protein
components. Nevertheless, the present study represents the first
successful isolation and characterization of PSII with a high
oxygen-evolving activity from a diatom, which identified a novel
extrinsic protein previously unknown in any other organisms.Acknowledgments
We would like to thank Prof. J.-R. Shen of Okayama Uni-
versity for his critical reading of the manuscript. This work was
supported in part by Grants-in-Aid for Scientific Research from
the Ministry of Education of Japan to I.E. (18570049), Y.K.
(18054028) and M.I. (17770042) and grants from the National
Institute of Polar Research (16-28, Y.K.).
References
[1] D.M. Nelson, P. Treguer, M.A. Brzezinski, A. Leynaert, B. Queguiner,
Production and dissolution of biogenic silica in ocean: revised global
estimates, comparison with regional data and relationship to biogenic
sedimentation, Glob. Biogeochem. Cycles 9 (1995) 359–372.
[2] C.B. Field, M.J. Behrenfeld, J.T. Randerson, P.G. Falkowski, Primary
production of the biosphere: integrating terrestrial and oceanic compo-
nents, Science 281 (1998) 237–240.
[3] F.E. Round, R.M. Crawford, D.G. Mann, The Diatoms: Biology and
Morphology of the Genera, Cambridge University Press, London, 1990
747 pp.
[4] P.G. Falkowski, M.E. Katz, A.H. Knoll, A. Quigg, J.A. Raven, O. Schofield,
F.J. Taylor, The evolution of modern eukaryotic phytoplankton, Science 305
(2004) 354–360.
[5] C. Büchel, Fucoxanthin-chlorophyll proteins in diatoms: 18 and 19 kDa
subunits assemble into different oligomeric states, Biochemistry 42 (2003)
13027–13034.
[6] C.S. Ting, T.G. Owens, The effects of excess irradiance on photosynthesis
in the marine diatom Phaeodactylum tricornutum, Plant Physiol. 106
(1994) 763–770.
[7] S.P. Long, S. Humphries, P.G. Falkowski, Photoinhibition of photo-
synthesis in nature, Annu. Rev. Plant Physiol. Plant Mol. Biol. 45 (1994)
633–662.
[8] J. Lavaud, B. Rousseau, A.L. Etienne, Enrichment of the light-harvesting
complex in diadinoxanthin and implications for the nonphotochemical
fluorescence quenching in diatoms, Biochemistry 42 (2003) 5802–5808.
[9] J.R. Reinfelder, A.M.L. Kraepiel, F.M.M. Morel, Unicellular C-4
photosynthesis in a marine diatom, Nature 407 (2000) 996–999.
[10] E.V. Armbrust, J.A. Berges, C. Bowler, B.R. Green, D. Martinez, N.H.
Putnam, S. Zhou, A.E. Allen, K.E. Apt, M. Bechner, M.A. Brzezinski, B.K.
Chaal, A. Chiovitti, A.K. Davis, M.S. Demarest, J.C. Detter, T. Glavina, D.
Goodstein, M.Z. Hadi, U. Hellsten, M. Hildebrand, B.D. Jenkins, J. Jurka,
V.V. Kapitonov, N. Kroger, W.W. Lau, T.W. Lane, F.W. Larimer, J.C.
Lippmeier, S. Lucas,M.Medina, A.Montsant,M. Obornik,M.S. Parker, B.
Palenik, G.J. Pazour, P.M. Richardson, T.A. Rynearson, M.A. Saito, D.C.
Schwartz, K. Thamatrakoln, K. Valentin, A. Vardi, F.P. Wilkerson, D.S.
Rokhsar, The genome of the diatom Thalassiosira pseudonana: ecology,
evolution, and metabolism, Science 306 (2004) 79–86.
[11] M.P. Oudot-Le Secq, J. Grimwood, H. Shapiro, E.V. Armbrust, C. Bowler,
B.R. Green, Chloroplast genomes of the diatoms Phaeodactylum
tricornutum and Thalassiosira pseudonana: comparison with other
plastid genomes of the red lineage, Mol. Genet. Genomics 277 (2007)
427–439.
[12] J.-R. Shen, Y. Inoue, Binding and functional properties of two new
extrinsic components, cytochrome c-550 and a 12-kDa protein, in
cyanobacterial photosystem II, Biochemistry 32 (1993) 1825–1832.
[13] J.-R. Shen, R.L. Burnap, Y. Inoue, An independent role of cytochrome
c-550 in cyanobacterial photosystem II as revealed by double-deletion
mutagenesis of the psbO and psbV genes in Synechocystis sp. PCC
6803, Biochemistry 34 (1995) 12661–12668.
[14] Y. Kashino, W.M. Lauber, J.A. Carroll, Q. Wang, J. Whitmarsh, K. Satoh,
H.B. Pakrasi, Proteomic analysis of a highly active photosystem II
preparation from the cyanobacterium Synechocystis sp. PCC 6803 reveals
the presence of novel polypeptides, Biochemistry 41 (2002) 8004–8012.
[15] I. Enami, H. Murayama, H. Ohta, M. Kamo, K. Nakazato, J.-R. Shen,
Isolation and characterization of a photosystem II complex from the red
1362 R. Nagao et al. / Biochimica et Biophysica Acta 1767 (2007) 1353–1362alga Cyanidium caldarium: association of cytochrome c-550 and a 12 kDa
protein with the complex, Biochim. Biophys. Acta 1232 (1995) 208–216.
[16] I. Enami, S. Kikuchi, T. Fukuda, H. Ohta, J.-R. Shen, Binding and
functional properties of four extrinsic proteins of photosystem II from a red
alga, Cyanidium caldarium, as studied by release–reconstitution experi-
ments, Biochemistry 37 (1998) 2787–2793.
[17] T. Suzuki, O. Tada,M.Makimura, A. Tohri, H. Ohta, Y. Yamamoto, I. Enami,
Isolation and characterization of oxygen-evolving photosystem II complexes
retaining the PsbO, P and Q proteins from Euglena gracilis, Plant Cell
Physiol. 45 (2004) 1168–1175.
[18] T. Suzuki, J. Minagawa, T. Tomo, K. Sonoike, H. Ohta, I. Enami, Binding
and functional properties of the extrinsic proteins in oxygen-evolving
photosystem II particle from a green alga, Chlamydomonas reinhardtii
having his-tagged CP47, Plant Cell Physiol. 44 (2003) 76–84.
[19] D.A. Berthold, G.T. Babcock, C.F. Yocum, A highly resolved oxygen-
evolving photosystem II preparation from spinach thylakoid membranes,
FEBS Lett. 134 (1981) 231–234.
[20] T. Kuwabara, N. Murata, Inactivation of photosynthetic oxygen evolution
and concomitant release of three polypeptides in the photosystem II particles
of spinach chloroplasts, Plant Cell Physiol. 23 (1982) 533–539.
[21] H. Ohta, T. Suzuki, M. Ueno, A. Okumura, S. Yoshihara, J.-R. Shen, I. Enami,
Extrinsic proteins of photosystem II: an intermediate member of PsbQ protein
family in red algal PS II, Eur. J. Biochem. 270 (2003) 4156–4163.
[22] L.E. Thornton, H. Ohkawa, J.L. Roose, Y. Kashino, N. Keren, H.B. Pakrasi,
Homologs of plant PsbP and PsbQ proteins are necessary for regulation of
photosystem II activity in the cyanobacterium Synechocystis 6803, Plant
Cell 16 (2004) 2164–2175.
[23] T.C. Summerfield, J.A. Shand, F.K. Bentley, J.J. Eaton-Rye, PsbQ
(Sll1638) in Synechocystis sp. PCC 6803 is required for photosystem II
activity in specific mutants and in nutrient-limiting conditions, Biochem-
istry 44 (2005) 805–815.
[24] I. Enami, S. Yoshihara, A. Tohri, A. Okumura, H. Ohta, J.-R. Shen, Cross-
reconstitution of various extrinsic proteins and photosystem II complexes
from cyanobacteria, red algae and higher plants, Plant Cell Physiol. 41
(2000) 1354–1364.
[25] I. Enami, T. Suzuki, O. Tada, Y. Nakada, K. Nakamura, A. Tohri, H. Ohta,
I. Inoue, J.-R. Shen, Distribution of the extrinsic proteins as a potential
marker for the evolution of photosynthetic oxygen-evolving photosystem
II, FEBS J. 272 (2005) 5020–5030.
[26] T.A. Martinson, M. Ikeuchi, F.G. Plumley, Oxygen-evolving diatom
thylakoid membranes, Biochim. Biophys. Acta 1409 (1998) 72–86.
[27] Y. Ikeda, K. Satoh, Y. Kashino, Characterization of photosystem I
complexes purified from a diatom, Chaetoceros gracilis, in: A. van der
Est, D. Bruce (Eds.), Photosynthesis: Fundamental Aspects to Global
Perspectives, vol. 1, 2005, p. 38–40.[28] M. Ikeuchi, Y. Inoue, A new photosystem II reaction center component
(4.8 kDa protein) encoded by chloroplast genome, FEBS Lett. 241 (1988)
99–104.
[29] P.E. Thomas, D. Ryan, W. Levin, An improved staining procedure for
the detection of the peroxidase activity of cytochrome P-450 on
sodium dodecyl sulfate polyacrylamide gels, Anal. Biochem. 75 (1976)
168–176.
[30] S.W. Jeffrey, G.F. Humphrey, New spectrophotometric equation for
determining chlorophylls a, b, c1 and c2 in higher plants, algae and natural
phytoplankton, Biochem. Physiol. Pflanzen 167 (1975) 191–194.
[31] Y. Kashino, S. Kudoh, Concerted response of xanthophyll-cycle pigments
in a marine diatom, Chaetoceros gracilis, to the shifts of light condition,
Phycol. Res. 51 (2003) 168–172.
[32] N. Ohnishi, Y. Kashino, K. Satoh, S. Ozawa, Y. Takahashi, Chloroplast-
encoded polypeptide PsbT is involved in the repair of primary electron
acceptor QA of photosystem II during photoinhibition in Chlamydomonas
reinhardtii, J. Biol. Chem. 282 (2007) 7107–7115.
[33] Y. Yamamoto, M. Doi, N. Tamura, M. Nishimura, Release of polypeptides
from highly active O2-evolving photosystem-2 preparation by Tris
treatment, FEBS Lett. 133 (1981) 265–268.
[34] S. Ishihara, A. Takabayashi, K. Ido, T. Endo, K. Ifuku, F. Satoh, Distinct
functions for the two PsbP-like proteins PPL1 and PPL2 in the chloroplast
thylakoid lumen of Arabidopsis, Plant Physiol. 145 (2007) 668–679.
[35] U. Maheswari, A. Montsant, J. Goll, S. Krishnasamy, K.R. Rajyashri,
V.M. Patell, C. Bowler, The diatom EST database, Nucleic Acids Res.
33 (2005) 344–347.
[36] B. Loll, J. Kern, W. Saenger, A. Zouni, J. Biesiadka, Towards complete
cofactor arrangement in the 3.0 Å resolution structure of photosystem II,
Nature 438 (2005) 1040–1044.
[37] K.N. Ferreira, T.M. Iverson, K. Maghlaoui, J. Barber, S. Iwata,
Architecture of the photosynthetic oxygen-evolving center, Science 303
(2004) 1831–1838.
[38] L.A. Gugliemelli, H.J. Dutton, P.A. Jursinic, H.W. Siegelman, Energy
transfer in a light-harvesting carotenoid–chlorophyll c–chlorophyll a–
protein of Phaeodactylum tricornutum, Photochem. Photobiol. 33 (1981)
903–907.
[39] E.S. Holdsworth, J.H. Arshad, A manganese–copper–pigment–protein
complex isolated from the photosystem II of Phaeodactylum tricornutum,
Arch. Biochem. Biophys. 183 (1977) 361–373.
[40] N. Kamiya, J.-R. Shen, Crystal structure of oxygen-evolving photosystem
II from Thermosynechococcus vulcanus at 3.7-Å resolution, Proc. Natl.
Acad. Sci. U. S. A. 100 (2003) 98–103.
[41] J.-R. Shen, N. Kamiya, Crystallization and the crystal properties of the
oxygen-evolving photosystem II from Synechococcus vulcanus, Biochem-
istry 39 (2000) 14739–14744.
